We performed combinational bioconversion of substituted naphthalenes with PhnA1A2A3A4 (an aromatic dihydroxylating dioxygenase from marine bacterium Cycloclasticus sp. strain A5) and prenyltransferase NphB (geranyltransferase from Streptomyces sp. strain CL190) or SCO7190 (dimethylallyltransferase from Streptomyces coelicolor A3(2)) to produce prenyl naphthalen-ols. Using 2-methylnaphthalene, 1-methoxynaphthalene, and 1-ethoxynaphthalene as the starting substrates, 10 novel prenyl naphthalen-ols were produced by combinational bioconversion. These novel prenyl naphthalen-ols each showed potent antioxidative activity against a rat brain homogenate model. 2-(2,3-Dihydroxyphenyl)-5,7-dihydroxy-chromen-4-one (2 0 ,3 0 -dihydroxychrysin) generated with another aromatic dihydroxylating dioxygenase and subsequent dehydrogenase was also geranylated at the C-5 0 -carbon by the action of NphB.
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Compounds having naphthalene in their molecular structure are candidates for biologically active chemicals, medicines, and commodity chemicals. Natural products with one or more prenyl groups often also possess anti-microbial, anti-oxidative, anti-inflammatory, and anti-cancer activities. 1) Combinational bioconversion experiments towards the construction of various prenyl naphthalene-ols were carried out in the present study by using Escherichia coli cells expressing the phnA1A2A3A4 genes 2) and subsequent cell-free prenyltransferase reactions with NphB 3) or SCO7190. 4) Polycyclic aromatic hydrocarbon (PAH)-dihydroxylating dioxygenase genes (phnA1A2A3A4) were isolated from the PAH-utilizing marine bacterium, Cycloclasticus sp. strain A5.
2) The phnA1, A2, A3, and A4 genes respectively encoded the large () subunit of the oxygenase component, which is an iron-sulfur protein, its small () subunit, a ferredoxin, and a ferredoxin reductase.
2) Recombinant E. coli cells that expressed the phnA1A2A3A4 genes have been shown to exhibit efficient bioconversion for a variety of aromatic compounds with wide substrate preferences, which included substituted naphthalenes, and to generate their cis dihydrodiols and hydroxymethylated products. 5) We have also demonstrated that cis dihydrodiols generated from substituted naphthalenes were converted into their dehydrated products (monohydroxylated products) by a treatment with 10% HCl/MeOH. 6) NphB is a soluble prenyltransferase in the naphterpin biosynthetic gene cluster from Streptomyces sp. strain CL190 that can catalyze the transfer of a geranyl group to a diverse collection of commercially available hydroxyl-containing aromatic substrates, including substituted naphthalenes, 3, 7) through O-geranylation or C-geranylation at the ortho and/or para position of hydroxyl group. SCO7190 is a NphB homolog from Streptomyces coelicolor A3(2) that can catalyze the transfer of a dimethylallyl group to a diverse collection of commercially available hydroxyl-containing aromatic substrates, including substituted naphthalenes, through O-dimethylallylation or C-dimethylallylation at the ortho and/or para position of the hydroxyl group, like NphB. 4, 7) Biocatalysts with relaxed substrate specificity displaying regio-specificity in their prenyl group transfer can serve as an alternative production platform for prenylated compounds. Since the PhnA1A2A3A4-catalyzed reaction with naphthalene derivatives and subsequent HCl/MeOH treatment can yield hydroxylated naphthalene derivatives that are commercially unavailable, we expected that NphB or SCO7190 would catalyze prenyl group transfer to the resulting hydroxylated naphthalenes to yield novel prenylated naphthalenes. We report here the production of such compounds from commercially available naphthalene derivatives by combinational conversion with PhnA1A2A3A4 and NphB or PhnA1A2A3A4 and SCO7190. In the first step, the naphthalene derivatives were converted into the corresponding naphthalen-ols by a PhnA1A2A3A4-catalyzed reaction and subsequent HCl/MeOH treatment. In the second step, the resulting naphthalen-ols were prenylated by the action of NphB or SCO7190. We selected 2-methylnaphthalene, 1-methoxynaphthalene, and 1-ethoxynaphthalene as the starting naphthalene derivatives, because these naphthalenes have each been demonstrated to be convertable into their cis dihydrodiols by PhnA1A2A3A4 in a high yield. 5) We also examined the antioxidative activities of the novel prenyl naphthalen-ols produced in this study against a rat brain homogenate model 8) which we used for evaluating naphthalen-ols in the previous study. 6) Most of them possessed potent antioxidative activity. One example for the prenylation of a vicinal diol derived from 2-phenyl-5,7-dihydroxy-chromen-4-one (chrysin) is also shown.
Material and Methods
Bioconversion of substituted naphthalenes by PhnA1A2A3A4 and subsequent HCl/MeOH treatment (preparation of naphthalen-ols). E. coli JM109 carrying plasmid pPhnA 5) that encodes PhnA1A2A3A4 was cultured in an LB medium including 150 mg/mL of ampicillin at 30 C while shaking for 6-7 h until the absorbance at OD 600 nm had reached approximately 1. Eight mL of this culture was inoculated into 100 mL of an M9 medium 9) including 150 mg/mL of ampicillin, 0.4% glucose, 0.5 mM of isopropyl--D-thiogalactopyranoside, and 1 mM of each substrate in a Sakaguchi flask. The cultured product was bioconverted at 30 C with rotary shaking for 2 d. The converted products (cis dihydrodiol derivatives) were purified from 1 L of the culture by EtOAc extraction and silica gel column chromatography as previously described.
6) The purified cis dihydrodiol derivatives were treated with 10% HCl/MeOH for 5 min to achieve the dehydration reaction.
6) The dehydrated products were identified by comparing with authentic samples. These experiments enabled 57.2 mg (36% yield) of 7-methylnaphthalene-1-ol (the product from 2-methylnaphthalene), 67.7 mg (39% yield) of 8-methoxynaphthalen-2-ol (the product from 1-methoxynaphthalene), and 44.6 mg (24% yield) of 8-ethoxynaphthalen-2-ol (the product from 1-ethoxynaphthalene) to be respectively prepared. The substrates used in this study were purchased from Tokyo Chemical Industry Co. (Tokyo, Japan).
Bioconversion of 2-phenyl-5,7-dihydroxy-chromen-4-one (chrysin) by BphA and BphB. BphA (1-22) is a modified biphenyl dioxygenase composed of a variant [BphA1 (1-22)] of a dioxygenase large () subunit (BphA1), its small () subunit (BphA2), a ferredoxin (BphA3), and a ferredoxin reductase (BphA4).
10) E. coli JM109 possessing the modified biphenyl dioxygenase (bphA (1-22) ) and subsequent dihydrodiol dehydrogenase gene (bphB) was cultured by a similar method to that just described. One hundred mg of chrysin, purchased from Tokyo Chemical Industry, was added as the substrate per 1 L of culture. The converted product, 2-(2,3-dihydroxyphenyl)-5,7-dihydroxy-chromen-4-one (2 0 ,3 0 -dihydroxychrysin), from 2 L of culture was purified by EtOAc extraction and silica gel column chromatography as previously described.
10) The converted product was identified by comparing with authentic samples, and the experiment enabled 13.2 mg of 2 0 ,3 0 -dihydroxychrysin (yield 2.3%) to be prepared.
Cell-free conversion of naphthalen-ols by prenyltransferase (NphB or SCO7190). Assays for the NphB-catalyzed reaction were carried out in 50 mM Tris-HCl (pH 9.0), containing 5 mM MgCl 2 , a 5 mM aromatic substrate, 5 mM geranyl diphosphate (GPP), and 1 mg/mL of NphB in a total volume of 10 mL. The reaction mixture was incubated overnight at 25 C. Assays for the SCO7190-catalyzed reaction were carried out in 50 mM Tris-HCl (pH 9.0), containing a 5 mM aromatic substrate, 5 mM dimethylallyl diphosphate (DMAPP), and 1 mg/mL of SCO7190 in a total volume of 10 mL. The reaction mixture was incubated overnight at 25 C. Each reaction product was analyzed by a high-performance liquid chromatograph (Hitachi, Tokyo, Japan) equipped with an L7400 photodiode array and a Pegasil ODS column (4:6 Â 250 mm; Senshu, Tokyo, Japan), using 60-100% MeOH (0-30 min) and 100% MeOH (30-40 min) as the solvent, or with Pegasil ODS column (2:0 Â 150 mm; Senshu, Tokyo, Japan), using 70% MeOH þ 0.1% AcOH as the solvent.
Purification and identification of the products. The liquid phase containing the reaction mixture (10 mL) was extracted with ethyl acetate (EtOAc; 10 mL Â 2 times). The resulting organic layer was purified by preparative ODS HPLC [Pegasil ODS, 20 mm (diameter) Â 250 mm (length), Senshu], using 80% MeOH as the solvent at a flow rate of 8.0 mL/min. The structure of each prenylated product was analyzed by high-resolution mass spectrometry [HRAPCI-MS (Jeol JMS-T100LP) or HRESI-MS (Jeol JMS-T100LC)], and nuclear magnetic resonance (NMR) spectrometry at 400 MHz (Bruker AMX400).
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Results and Discussion
Structural analysis of the converted products Products converted from 7-methylnaphthalen-1-ol and GPP by NphB
The EtOAc extract was subjected to preparative ODS HPLC. Three reaction products were formed, each being eluted at t R 23.1 min [1, 1.5 mg (10% yield)], t R 24.8 min [2, 1.8 mg (12% yield)], and t R 33.0 min [3, 1.0 mg (6.8% yield)].
The molecular formula of all 1, 2 and 3 was determined to be C 21 H 26 O by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR, 1 H-1 H COSY, and HMQC) of 1, 2 and 3 showed one geranyl unit attached to the substrate in each compound. The geranylated position in 1 was determined to be C-2 by 1 H-13 C long-range coupling from H-1 0 ( 3.49) to C-1 ( 149.7) in the HMBC spectrum. The identity of 1 was thus determined as (E)-2-(3,7-dimethylocta-2,6-dien-1-yl)-7-methylnaphthalen-1-ol (Fig. 1) . The geranylated position in 2 was determined to be C-4 by 1 H-13 C longrange coupling from H-1 0 ( 3.61) to C-3 ( 125.7), and from H-3 ( 7.01) to C-1 ( 152.5) in the HMBC spectrum. The identity of 2 was thus determined as (E)-4-(3,7-dimethylocta-2,6-dien-1-yl)-7-methylnaphthalen-1-ol (Fig. 1) . The geranylated position in 3 was determined to be C-1 by 1 H-13 C long-range coupling from H-1 0 ( 4.71) to C-1 ( 155.4). The identity of 3 was thus determined as (E)-8-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-2-methylnaphthalene (Fig. 1) .
Product converted from 7-methylnaphthalen-1-ol and DMAPP by SCO7190
The EtOAc extract was subjected to preparative ODS HPLC, the pure converted product being eluted at t R 30.0 min [4, 1.2 mg (11% yield)]. The molecular formula of 4 was determined to be C 16 H 16 O by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR) of 4 showed one dimethylallyl unit attached to the substrate. The dimethylallyated position was determined to be C-2 by 1 H-13 C long-range coupling from H-1 0 ( 2.46) to C-1 ( 148.3). The identity of 4 was thus determined as 2-(3-methylbuta-2-en-1-yl)-7-methylnaphthalen-1-ol (Fig. 1) .
Products converted from 8-methoxynaphthalen-2-ol and GPP by NphB
The EtOAc extract was subjected to preparative ODS HPLC. Two reaction products were formed which were respectively eluted at t R 25.7 min [5, 1.1 mg (7.1% yield)] and t R 33.8 min [6, 2.0 mg (13% yield)].
The molecular formula of both 5 and 6 was determined to be C 21 H 26 O 2 by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR, 1 H-1 H COSY, and HMQC) of 5 and 6 showed one geranyl unit was attached to the substrate in both compounds. The geranylated position in 5 was determined to be C-3 by observing the 1 H-13 C long-range coupling from H-1 0 ( 3.52) to C-2 ( 152.7) in the HMBC spectrum, and the presence of two singlet sp 2 methines (H-1 ( 7.51) and H-4 ( 7.53)) in the 1 H-NMR spectrum. The identity of 5 was thus determined as (E)-3-(3,7-dimethylocta-2,6-dien-1-yl)-8-methoxynaphthalen-2-ol (Fig. 1) . The prenylated position in 6 was determined to be C-2 by observing the 1 H-13 C long-range coupling from H-1 0 ( 4.63) to C-1 ( 155.7) in the HMBC spectrum and the 13 C chemical shift of C-1 0 ( 64.6). The 13 C chemical shift of C-9 0 ( 21.8) showed that configuration of the C2-C3 double bond in the prenyl unit to be Z. The identity of 6 was thus determined as (Z)-7-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-1-methoxynaphthalene (Fig. 1) .
Interestingly, the structure of 6 suggests that isomerizing GPP to its allylic isomer, linalyl diphosphate (LPP), likely occurred during the prenylation reaction catalyzed by NphB (Fig. 2) . Such isomerization has been proposed in the mechanism for the monoterpene limonene formation from GPP.
11) The effect of this isomerization is to convert the C2-C3 double bond of GPP into a single bond, thereby making E/Z isomerization possible and allowing subsequent formation of a linalyl carbocation. Carbon-oxygen-based prenylation presumably occurs next, being initiated by deprotonation of 1-methoxynaphthalen-7-ol at the hydroxy group.
A product converted from 8-methoxynaphthalen-2-ol and DMAPP by SCO7190
The EtOAc extract was subjected to preparative ODS HPLC, the pure converted product being eluted at t R 21.2 min [7, 3. 0 mg (25% yield)].
The molecular formula of 7 was determined to be C 16 H 18 O 2 by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR, 1 H-1 H COSY, and HMQC) of 7 showed one dimethylallyl unit attached to the substrate. The dimethylallylated position was determined to be C-1 by 1 H-13 C long-range coupling from H-1 0 ( 4.13) to C-1 ( 119.5), C-2 ( 152.6), and C-8a ( 125.3). The identity of 7 was thus determined as 1-(3-methylbuta-2-en-1-yl)-8-methoxynaphthalen-2-ol (Fig. 1) .
Products converted from 8-ethoxynaphthalen-2-ol and GPP by NphB
The EtOAc extract was subjected to preparative ODS HPLC. Two reaction products were formed, being respectively eluted at t R 26.2 min [8, 4.9 mg (30% yield)], and t R 34.3 min [9, 2.2 mg (14% yield)].
The molecular formula of both 8 and 9 was determined to be C 22 H 28 O 2 by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR, 1 H-1 H COSY, and HMQC) of 8 and 9 showed one geranyl unit attached to the substrate in both compounds. The geranylated position in 8 was determined to be C-3 by observing 1 H-13 C long-range coupling from H-1 0 ( 3.52) to C-2 ( 152.6) in the HMBC spectrum, and the presence of two singlet sp 2 methines (H-1 ( 7.52) and H-4 ( 7.57)) in the 1 H-NMR spectrum. The identity of 8 was thus determined as (E)-3-(3,7-dimethylocta-2,6-dien-1-yl)-8-ethoxynaphthalen-2-ol (Fig. 1) . The prenylated position in 9 was determined to be C-2 by observing the 1 H-13 C long-range coupling from H-1 0 ( 4.63) to C-2 ( 156.3) in the HMBC spectrum, and the 13 C chemical shift of C-1 0 ( 64.5). The 13 C chemical shift of C-9 0 ( 23.6) showed that the configuration of the C2-C3 double bond in the prenyl unit was Z. The identity of 9 was thus determined as (Z)-7-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-1-ethoxynaphthalene (Fig. 1) . The formation of 9 was likely to have similar to the case of 6.
Product converted from 8-ethoxynaphthalen-2-ol and DMAPP by SCO7190
The EtOAc extract was subjected to preparative ODS HPLC, the pure converted product being eluted at t R 25.2 min [10, 3.4 mg (27% yield)]. The molecular formula of 10 was determined to be C 17 H 20 O 2 by HRMS. This molecular formula and NMR spectral analyses ( 1 H-and 13 C-NMR) of 10 showed one dimethylallyl unit attached to the substrate. The dimethylallylated position was determined to be C-1 by 1 H-13 C long-range coupling from H-1 0 ( 4.13) to C-1 ( 119.5), C-2 ( 152.6), and C-8a ( 125.3). The identity of 10 was thus determined as 1-(3-methylbuta-2-en-1-yl)-8-ethoxynaphthalen-2-ol (Fig. 1) .
Product converted from 2-(2,3-dihydroxyphenyl)-5,7-dihydroxy-chromen-4-one (2 0 ,3 0 -dihydroxychrysin) and GPP by NphB
The EtOAc extract was subjected to preparative ODS HPLC, the pure converted product being eluted at t R 14.0 min [11, 3.4 , and C-6 0 ( 117.0), and from H-4 0 ( 6.78) to C-2 0 ( 146.3). The identity of 11 was thus determined as 2-(2,3-dihydroxyphenyl-(E)-5-(3,7-dimethylocta-2,6-dien-1-yl))-5,7-dihydroxy-chromen-4-one (Fig. 3) .
Interestingly, NphB catalyzed the attachment of a geranyl group to the B-ring of 2-(2,3-dihydroxyphenyl)-5,7-dihydroxy-chromen-4-one to yield 2-(2,3-dihydroxyphenyl-(E)-5-(3,7-dimethylocta-2,6-dien-1-yl))-5,7-dihydroxy-chromen-4-one, although it was confirmed that NphB appended a geranyl group to the A-ring of some flavonoids, including naringenin, apigenin, genistein, and daidzein. This result implies that NphB had unexpected potential in terms of the substrate specificity and regio-selectivity of the prenylation reaction.
Antioxidative activity of the converted products The prenylation experiment (NphB or SCO7190) using 7-methylnaphthalen-2-ol, 8-methoxynapthalen-1-ol, and 8-ethoxynaphthalen-1-ol as substrates enabled 10 prenyl napthalen-ol compounds (1-10) to be obtained, all being novel compounds. Since napthalen-ols could be expected to exhibit anti-oxidative activity, we evaluated their in vitro inhibitory effects on the lipid peroxidation induced by free radicals in a rat brain homogenate (Table 1) . Each C-prenylated product showed much stronger antioxidative activity than the corresponding substrates. The stronger activities of these prenylated compounds may be correlated with their enhanced interaction with lipids compared to that of their non-prenylated parent compounds. Meanwhile, the O-prenylated compounds, 3 and 6, failed to exhibit measurable antioxidative activity at the concentrations tested due to loss of the phenolic OH function. The combinational conversion of naphthalene derivatives performed in this study could therefore be used to produce compounds that are difficult to chemically synthesize and could serve as new starting materials for the chemical synthesis of pharmaceuticals, agrochemicals and other industrially useful compounds. 
